The liver is the most common site of metastasis in pancreatic cancer, and there are no promising strategies to treat it. Angiostatin, a kringle-containing fragment of plasminogen, is a potent inhibitor of angiogenesis. The effect of angiostatin on liver metastasis in pancreatic cancer was investigated by using our established hamster model of liver metastasis. Pancreatic cancer cells (PGHAM-1, 1 × × × ×10 6 ) derived from N-nitrosobis(2-oxopropyl)amine (BOP)-induced pancreatic tumor in Syrian golden hamsters were transplanted into the spleen of female hamsters, and the animals were subcutaneously injected with angiostatin and saline. Subsequently, the macroscopic appearance of liver surface metastases was evaluated. In addition, histological sections of the liver metastases were analyzed for neovascularization, proliferation, and apoptosis on the basis of von Willebrand factor, argyrophilic nucleolar organizer region (Ag-NOR), and TdT-mediated dUTPbiotin nick end labeling (TUNEL) staining, respectively. The results showed significant tumor growth retardation and inhibition of angiogenesis in metastatic liver tumors in response to treatment with angiostatin. Moreover, the metastases remained in a nearly dormant state due to a balance between apoptosis and proliferation of the tumor, with no detectable side effects. This is the first experimental trial of angiostatin on pancreatic cancer and liver metastasis. The results suggest that angiostatin therapy could be effective against liver metastases of pancreatic cancer.
and local recurrence in the early stage, 6) in almost all cases, macroscopically radical operation fails to improve the prognosis of pancreatic cancer. The liver is the most common site of metastasis in pancreatic cancer, 7) and liver micrometastases may be present in pancreatic cancer patients at operation, despite the absence of macroscopic findings. 8) Thus, inhibition of liver metastasis is important to improving the prognosis of this disease.
There have been several reports on experimental models of liver metastasis in nude mice. 9) However, there may be differences in the mechanism of liver metastasis in humans and nude mice, which are not immunocompetent. On the other hand, since Syrian golden hamsters develop ductal adenocarcinoma of the pancreas in response to Nnitrosobis(2-oxopropyl)amine (BOP) that resembles human pancreatic cancer morphologically, biologically, and immunologically, 10, 11) hamster pancreatic cancer might provide a good animal model of liver metastasis of human pancreatic cancer.
Recently, O'Reilly et al. described an internal peptide fragment of plasminogen, called angiostatin, found in the serum and urine of mice with Lewis lung carcinoma, 12, 13) that has potent antiangiogenic properties. Angiostatin, comprising kringles 1-4 of human plasminogen, inhibits angiogenesis as judged from chick chorioallantoic membrane (CAM) assay, and it has also been found to be a specific inhibitor of endothelial cell proliferation in vitro. 13) When administered systemically in vivo, angiostatin potently inhibits the growth of human and murine primary carcinomas and lung metastasis in mice by specifically inhibiting endothelial proliferation. 14, 15) Almost complete regression of subcutaneously implanted prostate carcinoma in mice in response to angiostatin has been demonstrated. 14) This led to a new concept of antitumor strategy, called "tumor dormancy therapy." 14) However, the effect of angiostatin on pancreatic cancer and liver metastasis has never been investigated. Therefore, in this study, we examined the antiangiogenetic effect of angiostatin on neovascularization and the tumor growth of liver metastases in experimental pancreatic cancer in the hamster.
Hamster pancreatic cancer cell lines BOP was used to induce pancreatic cancer in hamsters by the method we previously reported. 16, 17) The tumors were minced with scissors and 1 mm cubes were subcutaneously transplanted with a trocar into the interscapular area of untreated 5-week-old hamsters. The recipient hamsters were killed at 6-8 weeks after transplantation, and a portion of the tumor tissue was serially transplanted. After subcutaneous transplantation 8 times, the tumor was extracted under germ-free conditions, minced in 0.05% trypsin and EDTA solution at 37°C for 10 min, and centrifuged (10 min, 4000g). The cells in the pellet were maintained in Dulbecco's modified Eagle's medium (MEM: GIBCO, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin-streptomycin, 100 µg/ml kanamycin, and 100 µg/ml amphotericin B (GIBCO) at 37°C in a 5% CO 2 incubator in plastic culture flasks (Corning, Corning, NY). Cells that had been maintained in culture for 60 passages and had become established as a cell line were named PGHAM-1.
Model of liver metastasis of pancreatic cancer
Under adequate anesthesia with diethyl ether, laparotomy was performed on 3-week-old hamsters (n=25) and a suspension of PGHAM-1 cells (1×10 6 cells/0.1ml in MEM) was injected into the spleen through a 27G tuberculin needle. Fourteen days after transplantation, the abdominal cavity of all hamsters was opened by upper median incision, and the splenic tumors were removed after ligation of the splenic artery and vein under the same anesthesia. After laparorrhaphy, the treatment group of 10 hamsters was subcutaneously injected with 1.2 mg/kg of affinity-purified human angiostatin (Angiogenesis Research Industries, Inc., Chicago, IL) on the day of the operation and with 0.6 mg/kg/day on the next 6 days. In the control group, 15 hamsters were injected with saline instead of angiostatin. All hamsters were killed 21 days after implantation under anesthesia by the same method. The liver of each hamster was removed, and the number of nodules and the diameter of the largest nodule of liver surface metastases in every animal were measured. To detect the toxicity of angiostatin, liver and kidney function was evaluated by blood biochemistry studies and the body weight of both groups was measured.
Histological and immunohistochemical examination
The liver specimens were fixed in 10% formalin and routinely processed, and paraffin-embedded sections were processed for hematoxylin and eosin (H-E) staining and immunohistochemistry. To assess tumor vascularity, paraffin-embedded tissue sections were evaluated with antibody against von Willebrand factor (Factor VIII-related antigen) as follows. Deparaffinized tissue sections (3 µm) were pretreated twice for 5 min in a microwave oven in 10 mM citrate buffer pH 6.0 and incubated with rabbit polyclonal antibody against von Willebrand factor (DAKO, Glostrup, Denmark) overnight at 4°C. The antibody dilution used to detect the antigen was 1:200. The subsequent steps were carried out with SAB-PO (R) kit (Nichirei, Tokyo) according to the manufacturer's instructions. Sections were counterstained with methyl green, and microvessels were counted under a 200-fold magnification field on areas of metastatic liver tumor with the highest density of vascular staining. A minimum of 3 fields were counted in each animal, and the average microvessel density (MVD) was quantified by converting the number to per 1 mm 2 . Analysis for tumor cell proliferation and apoptosis To evaluate tumor cell proliferation, the argyrophilic nucleolar organizer region (Ag-NOR) was stained by the method of Ploton et al. 18) (modified one-step method) in 3 µm sections of tumor tissue after deparaffinization. The number of black dots in the nucleus was counted in 200 nuclei by the method of Howat et al. 19) under 1000-fold magnification, and the mean number per nucleus was quantified as the Ag-NOR score. In the analysis of the Ag-NOR score, we compared the score of the metastatic liver tumors in the treatment group with the score in the control group and evaluated the effect of angiostatin on tumor proliferation.
To detect apoptotic cells, paraffin-embedded sections were pretreated with 5 µg/ml of proteinase K at 37°C for 20 min and processed using an in situ apoptosis detection (TdT-mediated dUTP-biotin nick end labeling, TUNEL) kit (Trevigen, Inc., Gaithersburg, MD). 20) The subsequent steps were carried out according to the manufacturer's instructions. The apoptotic index was evaluated as the percentage of positive staining cells visualized under a light microscope at 200-fold magnification. A minimum of 5 fields in areas of the liver tumor with the highest density of apoptotic cells were counted in each animal. All microscopic examinations were done independently by three investigators. Statistical analysis The data were analyzed for significance by using the unpaired t test. A P value smaller than 5% was considered significant.
RESULTS
Macroscopic appearance of liver metastases All hamsters had liver metastases at the termination. In our previous experiment, the rate of microscopic liver metastasis was 20% on day 14 after splenic transplantation of PGHAM-1 (data not shown), meaning that in this model of liver metastasis, most macroscopic liver metastases were generated between 14 and 21 days after implantation. Based on these findings, hamsters were treated with angiostatin during this period. On day 21 after transplantation, there were several small metastases on the liver surface in the angiostatin group, as opposed to multiple metastases larger than 4 mm in diameter in the saline control group (Fig. 1) . The number of liver surface metastases (mean±SD) in the angiostatin-treated hamsters was 5.00±1.76, versus 16.40±5.19 in the control hamsters (P<0.001). The diameter of the largest metastatic nodule in every hamster in the treatment group was 1.49±0.61 mm, versus 3.94±1.10 mm in the control group (P<0.001) (Fig. 2) .
Histological and immunohistochemical examination
Examination of H-E stained sections revealed that the metastatic liver tumors were moderately to well differentiated adenocarcinomas, and no clear histological differences were observed between the treatment group and the control group (Fig. 3) . The liver metastases in the treatment group and the control group were compared for microvessel density as determined by direct microvessel counting of cells that stained for von Willebrand factor receptor antigen. Tumor vascularity was most prominent at the periphery of the metastatic nodules. In the areas with the highest microvessel density, there were only a few isolated microvessels per 200-fold magnification field in the treatment group. By contrast, abundant, dense microvessels which formed arborescent development in the tumor were observed in the control group, indicating that the tumor tissue was highly vascularized. The mean MVD (mean± SD) in the treatment group and that in the control group were 19.59±7.28 and 39.99±11.00, respectively. The MVD value in the angiostatin group was significantly lower than in the control group (P<0.001) (Fig. 4) . Tumor cell proliferation and apoptosis Proliferation of the metastatic liver tumor cells in the treatment group and the control group was estimated by Ag-NOR staining. An increase in irregular black dots was evident in most tumor cell nuclei, whereas only a few distinct small black dots were observed in normal liver cells (Fig. 5) . The Ag-NOR scores (mean±SD) in the treatment group and the control group were 9.10±1.66 and 9.33±1.72, respectively (Fig.  7) , and the difference between the groups was not significant. Metastatic liver tumors were highly proliferative, irrespective of treatment with angiostatin.
Analysis of the apoptotic index evaluated by TUNEL staining indicated a higher incidence of apoptosis in the treatment group (Fig. 6) , with values (mean±SD) of 2.04± 0.40% in the treatment group and 0.63±0.26% in the control group (P<0.001) (Fig. 7) . Angiostatin increased the number of apoptotic tumor cells in the liver metastases. The apoptotic index showed a three-fold higher incidence of apoptosis in the treatment group than that in the control group. Columns, mean; bars, SD; NS, not significant. angiostatin, control) developed equally. The blood biochemistry tests showed no significant differences in liver (B) or kidney (C) function at termination.
angiostatin, control.
Assessment of angiostatin toxicity
There was no body weight loss in either group at the time of sacrifice, and the blood biochemistry tests (AST, ALT, LDH, BUN, Crea) showed no significant differences in liver or kidney function (Fig. 8) . Moreover, wound healing in hamsters was not affected by systemic treatment with angiostatin, as judged from macroscopic observation. No other abnormalities were detected in any of the hamsters.
DISCUSSION
The growth of solid tumors is generally dependent on angiogenesis, 21) and the process of metastasis is also dependent on angiogenesis, because new blood vessels supply not only the nutrients and oxygen needed for tumor growth, but also a pathway to distant organs for metastasis to occur. 22) Pancreatic cancer is generally thought to consist of hypovascular tumors with fibrosis and high invasiveness compared with other digestive organ cancers, but such tumors also require neovascularization to grow, and recent investigations have shown that angiogenesis inhibitors are effective against pancreatic cancer.
23) Inhibition of angiogenesis may also become an effective therapy against liver metastasis of pancreatic cancer, the same as in other solid tumors. Recently, many different angiogenesis inhibitors have been investigated, and some of them have already begun to be tested in humans. 24) Angiostatin, a fragment of plasminogen protein, has potent antiangiogenic activity, as reported by O'Reilly and co-workers. 12, 13, 25) Angiostatin protein selectively inhibits endothelial cell proliferation in vitro, 12, 13, 15) and the effects of angiostatin on various solid tumors, both human and murine in vivo are reported. However, to our knowledge, our study is the first to describe an antiangiogenic effect of angiostatin on liver metastases in pancreatic cancer. Our study showed that angiostatin can cause liver metastases of pancreatic cancer to remain in a nearly dormant state as a result of a balance between apoptosis and proliferation of the tumor in the presence of blocked angiogenesis, without detectable side effects.
In our experiment, metastatic liver tumors treated with angiostatin never grew larger than 2 mm, whereas in the absence of angiostatin they grew to over 4 mm in the largest diameter. Significant tumor growth retardation and potently inhibited angiogenesis of metastatic liver tumors were observed under treatment with angiostatin. These results corroborate experimental data indicating that tumors are dependent on new blood vessel formation to grow larger than a few millimeters in diameter. 26, 27) However, there was no significant difference between the two groups in tumor proliferation estimated by Ag-NOR staining. Increases in Ag-NOR score per nucleus are known to be attributable to cellular proliferative and transcriptional activity. 19, 28, 29) Some reports have shown that the Ag-NOR score is closely correlated with 5-bromo-2′-deoxyuridine (BrdU) and Ki-67 labeling indices, 30, 31) and the Ag-NOR score is an indicator of the biological malignancy of cancer in the pancreatic ducts as well as of patient outcome.
32) The mean Ag-NOR score in pancreatic cancer patients in our previous study was 4.02, 33) and Toyota et al. reported a score of 3.82. 32) However, in this study the Ag-NOR score of liver metastases of pancreatic cancer in the hamster was over 9.10 in the treatment group and the control group. This suggested that PGHAM-1, the hamster pancreatic cancer cell line, has greater proliferation ability than human pancreatic cancer. The higher Ag-NOR score in both groups in our experiment indicated that angiostatin had little effect on tumor cell proliferation.
The apoptotic index of the tumor cells in the treatment group in this study increased to three times that of the control group, suggesting that angiostatin controlled metastatic tumor growth by indirectly increasing apoptosis of the tumor cells without affecting tumor cell proliferation. O'Reilly et al. noted that about 7% of tumor cells undergo apoptosis in tumors in a completely dormant state. 14, 34) The apoptotic index in this liver metastasis model, however, was 2.04%, three times lower than in O'Reilly's report. This means that metastatic liver tumors treated with angiostatin inhibited angiogenesis, but did not induce a completely dormant state in this model. There are several possible reasons for this. The first is the dose of angiostatin used in this experiment. We injected hamsters with 1.2 mg/kg of human angiostatin on the day of operation, followed by 0.6 mg/kg/day. A variety of doses of angiostatin, from 0.6 to 100 mg/kg per day, have been tested in animal models by different investigators. Inhibition of metastatic tumor growth occurred at doses of approximately 1 mg/kg per day, 12, 13) and inhibition of primary tumor growth was first observed at 10 mg/kg per day. 14) Larger doses of angiostatin might cause more apoptosis and induce dormancy in this model of liver metastasis. The second reason is the half-life of angiostatin in the circulation. O'Reilly et al. found that human angiostatin had a short half-life (4-6 h), 14) and in view of the rapid clearance of human angiostatin, two or three injections per day should be more effective. The third reason is the high proliferation ability of our hamster pancreatic cancer cell line, PGHAM-1. It has been selected over many years for rapid growth and a high rate of metastasis. Our preliminary study confirmed that hamsters inoculated with PGHAM-1 cells always died of generalized carcinomatosis within 30 days, and thus the tumors may have greater proliferation ability and more potent angiogenic factors than human tumors.
The mechanism by which angiostatin causes tumor cell apoptosis is still unknown, but it has been proposed that complete inhibition of angiogenesis may result in the loss of paracrine growth factors produced by capillary endothe-lial cells and needed by the tumor cells. 14, 35) Alon et al. reported that the decrease in number of tumor cells may also result in decreased production of survival and growth factors required by the endothelial cells. 36) Claesson-Welsh et al. recently reported that angiostatin treatment has no effect on growth factor-induced signal transduction, but leads to an RGD-independent induction of the kinase activity of focal adhesion kinase, suggesting that the biological effects of angiostatin relate to subversion of adhesion plaque formation in endothelial cells. 37) Reports of several types of angiostatin therapy are currently available. Recombinant murine angiostatin potently inhibits the proliferation of bovine capillary endothelial cells and suppresses the growth of primary Lewis lung carcinoma.
38) The inhibitory effects of the individual or combined kringle structures of angiostatin were also investigated, 39) and the kringle 5 fragment of human plasminogen was found to be a specific inhibitor for endothelial cell proliferation. 40) Combined therapy of angiostatin and ionizing radiation has also been reported, 41) and the effects of gene therapy with angiostatin complementary DNA have been described. 42, 43) This is a promising strategy as a new effective antiangiogenic therapy that does not require high-dose angiostatin protein administration. To improve the therapeutic results, the most appropriate angiostatin therapy should be selected according to its effects in these experiments.
In summary, angiostatin therapy may be effective against liver metastases of pancreatic duct cell carcinoma, which is one of the most intractable of the cancers arising in the digestive organs. Further studies are needed to elucidate more clearly the antitumor mechanism of angiostatin for appropriate clinical application.
